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E-mail address: takegawa@agr.kyushu-u.ac.jp (K. TAutophagy is a non-selective degradation process in eukaryotic cells. The genome sequence of the
ﬁssion yeast Schizosaccharomyces pombe has revealed that many of the genes required for autoph-
agy are common between the ﬁssion yeast and budding yeast, suggesting that the basic machinery
of autophagy is conserved between these species. Autophagy in ﬁssion yeast is speciﬁcally induced
by nitrogen starvation based on monitoring a GFP–Atg8p marker. Upon nitrogen starvation, ﬁssion
yeast cells exit the vegetative cell cycle and initiate sexual differentiation to produce spores. Most of
the nitrogen used for de novo protein synthesis during sporulation derives from the autophagic
protein degradation system. This review focuses on the recent advances in the role of autophagy
in ﬁssion yeast.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Autophagy is a degradative pathway conserved among eukary-
otic cells, and is responsible for turnover of damaged organelles
and long-lived proteins. Once living organisms are exposed to rad-
ical environmental changes such as nutrient starvation, differenti-
ation or development, autophagy is rapidly induced and inner cell
components are reorganized. In contrast to the ubiquitin-protea-
some system, autophagy primarily mediates non-selective and
bulk degradation of many intracellular proteins. In the budding
yeast Saccharomyces cerevisiae, autophagy is mainly triggered by
starvation for nitrogen or carbon, after which endogenous proteins
and organelles are enclosed within isolated membranes called
autophagosomes. The outer membrane of the autophagosome then
fuses with the vacuole allowing the contents of the autophago-
some, designated autophagic bodies, to be released and degraded
in the vacuole.
Using genetic techniques, mutants deﬁcient in the autophagic
pathway have been isolated in S. cerevisiae [1,2]. The molecular
mechanisms involved in the process of autophagy have been sub-
jected to detailed genetic analysis and about 30 AuTophaGy-re-
lated (ATG) genes essential for autophagy have been identiﬁed in
S. cerevisiae [3,4]. Analyses of the products of these ATG genes have
revealed novel complex of proteins whose biochemical activitieschemical Societies. Published by E
akegawa).suggest that they represent novel conjugation systems, membrane
protein complexes and important factors regulating autophagy [5–
7]. Many of ATG gene products are also recruited in the cytoplasm-
to-vacuole targeting (Cvt) pathway, that transports the resident
hydrolases aminopeptidase I and a-mannosidase to the vacuole
under nutrient-rich growth conditions [8]. In addition to sharing
a close genetic relationship with autophagy, Cvt vesicle formation
also occurs through similar membrane dynamics [9]. Other genetic
approaches have also identiﬁed genes involved in autophagy as
well as pexophagy, the selective degradation of excess peroxi-
somes induced by a change in carbon source used for growth
[10–16]. In Pichia pastoris, several proteins, including Atg25,
Atg26, Atg28, and Atg30 have been identiﬁed in the selective deg-
radation of peroxisomes, but not in the Cvt pathway or macroauto-
phagy [17–19]. Recently, other Atg proteins responsible for
selective organellar degradation have been reported. Dysfunctional
mitochondria are also targets for selective autophagy (mitophagy)
and Atg32 and Atg33, which localize to the mitochondria, are
known to be involved in mitophagy [20–23]. These recent studies
have revealed an impressive diversity of autophagic functions in
addition to bulk degradation during starvation.
In the ﬁssion yeast Schizosaccharomyces pombe, depletion of
nitrogen from the culture medium has been shown to effectively
induce G1 phase arrest and subsequent sexual differentiation. This
nitrogen starvation response is also mediated by the target of rap-
amycin (TOR) pathway involving Tor1 and Tor2 [24,25]. Loss of
tor2 mimics nitrogen starvation and activates sexual developmentlsevier B.V. All rights reserved.
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starvation-induced bulk protein degradation activity, which is
dependent on Isp6, an ortholog of the budding yeast vacuolar pro-
tease, Prb1. Moreover, several Atg proteins are also responsible for
bulk degradation [28]. However, relatively little attention has been
paid to the physiological roles of autophagy in S. pombe. In this re-
view, we discuss recent progress in our understanding of ﬁssion
yeast autophagic pathways and identify areas where signiﬁcant
challenges remain.
2. Vacuolar morphology and protein transport in ﬁssion yeast
Vacuoles of S. pombe are small under normal growth conditions,
but rapidly fuse in cells suspended in water in response to hypo-
tonic stress in order to maintain isotonic concentrations of solutes
in the cytosol [29]. Conversely, vacuolar fusion can be also induced
in response to hypertonic stress such as exposure to a high concen-
tration of NaCl [29]. During each cell cycle, vacuoles of S. cerevisiae
cells actively partition between mother and daughter cells. The
maternal vacuole forms membranous tubules or a series of con-
nected vesicles that extend into the emerging bud [30]. In contrast,
S. pombe cells can easily partition sister nuclei into daughter cells
by medial ﬁssion, and generate new vacuoles throughout the cell
cycle. Therefore, large vacuoles may interfere with the normal
positioning of nuclei as multiple small vacuoles appear to be favor-
able for S. pombe cells. Unlike budding yeast, ﬁssion yeast prolifer-
ates by ﬁssion, for which cells must divide in the central region.
The ﬁssion yeast vps34+/pik3+ gene encodes a phosphatidylinositol
(PtdIns) 3-kinase [31,32], while ste12+ encodes a PdIns3P 5-kinase
[33]. A ste12 mutant was reported to have a grossly enlarged vac-
uolar morphology, resulting in cells of different sizes during each
cell division [34] (Fig. 1). For these reasons, the small size of the
vacuole in ﬁssion yeast may help maintain normal overall cell size.
In S. cerevisiae, Ypt7p (Rab GTPase) is required for fusion of trans-
port vesicles to the vacuole, and for homotypic vacuolar fusion
[35]. The ﬁssion yeast Ypt7p is also required for trafﬁcking from
the endosome to the vacuole and for homotyptic vacuolar fusion
[29,36]. Very recently, we identiﬁed and characterized a second
Rab7 homolog, Ypt71. Like Ypt7, Ypt71 was found to localize toFig. 1. Vacuolar morphology in S. pombe. Fission yeast possess small and
fragmented vacuole in a single cell. In contrast, ste12 mutant lacking PtdIns3P 5-
kinase activity represents enlarged vacuoles, which impair the cell morphology like
aberrant positioning of septa. In the right-hand images, vacuolar membranes are
labeled with the endocytosed dye FM4-64. Arrowheads indicate the septa.the vacuolar membrane. A ypt71 null mutant was found to contain
large vacuoles, suggesting that Ypt7p and Ypt71p control vacuolar
morphology in an antagonistic manner [37].
In S. cerevisiae, genetic and genome-wide screens for mutants
defective in vacuolar protein sorting have identiﬁed more than
60 VPS genes [38,39]. In 2002, the complete genome sequence of
S. pombewas reported, and about 83% (4050/4876) of S. pombe pro-
teins are S. cerevisiae homologs [40]. We found that S. pombe has
many proteins homologous to Vps proteins of S. cerevisiae [41].
In budding yeast, the most thoroughly studied soluble vacuolar
protein is carboxypeptidase Y (CPY). To analyze vacuolar protein
transport pathways in S. pombe, we isolated a CPY homolog
(cpy1+) from S. pombe [42]. Using a Cpy1-speciﬁc antibody, we ana-
lyzed the contribution of speciﬁc ﬁssion yeast VPS homologs to
vacuolar protein transport: PtdIns 3-kinase [31,32], sorting nexin
homolog [43], HOPS component [43,44], Class E Vps proteins
[44,45], dynamin-related Vps1p [45,46], SNARE proteins [46,47],
V-ATPase complex [48], and CPY receptor [47,49]. Through these
analyses, we conﬁrmed that the basic vacuolar protein transport
machinery is conserved between the two yeast species. One differ-
ence, however, is that wild-type S. pombe cells contain fragmented
vacuoles, unlike S. cerevisiae.3. Genes required for autophagy in ﬁssion yeast
A BLAST search of the S. pombe protein database revealed a sub-
stantial number of Atg and Atg-related protein homologs (Table 1).
Interestingly, several budding yeast ATG genes were not found in
ﬁssion yeast: ATG10, 14, 16, 19, 23, 27, 29, 31 and 32. In S. cerevisiae,
about 30 ATG genes have been reported to date. Fifteen genes
(Atg1–Atg10, Atg12–Atg14, Atg16 and Atg18) are normally re-
quired for biogenesis of membranes essential for starvation-in-
duced autophagy, Cvt and pexophagy [4]. The encoded proteins
have been classiﬁed into ﬁve sub-groups required for membrane
formation: Atg1 kinase and its regulators [50], the autophagy-spe-
ciﬁc PtdIns 3-kinase complex [51], the Atg12 conjugation system
[52], the Atg8 conjugation system [53] and a sub-group of func-
tionally unknown proteins that interact with each other [54–57].
Several budding yeast ATG gene products involved in core func-
tions required for membrane formation were not found in the S.
pombe proteome (Table 1 and Fig. 2). For example, ﬁssion yeast
lacks the homologs of Atg29 and Atg31 which form a ternary com-
plex with Atg17 and required for starvation-induced autophagy in
budding yeast (Fig. 2). Interestingly, ﬁssion yeast possesses a puta-
tive homologs protein with Atg101, which is mammalian autoph-
agy protein but not conserved in budding yeast. In mammalian
cells, complex of FIP200 and Atg101 are found instead of complex
consist of Atg17, Atg29 and Atg31 [58,59]. In budding yeast, the
PtdIns 3-kinase complex involving Vps34, Vps15, Vps30 (also
known as Atg6) and Atg14, is essential for autophagy [51,60] and
the speciﬁc presence of Atg14 or Vps38 instead of Atg14 directs
localization of the complex to the PAS and the endosomal mem-
brane, in addition to the vacuolar membrane [61]. In contrast, ﬁs-
sion yeast equivalents of both ATG14 and VPS38 have not been
identiﬁed. Other proteins or mechanisms may contribute to
changes in localization of the PtdIns 3-kinase complex in ﬁssion
yeast. A part of Atg18 forms complex with Atg2 and bind PtdIns3P.
PtdIns3P binding by Atg18 is important for the localization of
Atg2–Atg18 complex to the PAS and thus for its function in auto-
phagosome formation [62,63]. Fission yeast possesses three puta-
tive orthologs of ATG18: atg18a+, atg18b+ and atg18c+. Gene
deletion analysis revealed that while a combination of either
atg18a and atg18b or atg18a and atg18c was necessary for autoph-
agy, all three ATG18 orthologs were essential for complete auto-
phagic degradation [64].
Table 1
Fission yeast homologs of budding yeast autophagy-related proteins.
Protein name Type of protein and comments Schizosaccharomyces pombe E-value
Atg1 Protein ser/thr kinase SPCC63.08c 4.70E103
Atg2 Peripheral membrane protein SPBC31E1.01c 3.30E59
Atg3 E2-like enzyme SPBC3B9.06c 2.40E48
Atg4 Cysteine protease SPAC19B12.08 2.10E31
Atg5 PAS protein SPBC4B4.10c 1.90E18
Atg6 Subunit of PtdIns 3-kinase complexes I and II SPAC20G8.10c 5.80E32
Atg7 Ubiquitin-activating enzyme E-1 SPBC6B1.05c 1.30E106
Atg8 Component of autophagosomes and Cvt vesicles SPBP8B7.24c 6.80E46
Atg9 Transmembrane protein SPBC15D4.07c 1.00E120
Atg10 E2-like conjugating enzyme
Atg11 Adapter protein SPAC7D4.04 0.78
Atg12 Ubiquitin-like modiﬁer SPAC1783.06c 1.10E15
Atg13 Regulatory subunit of the Atg1p signaling complex SPAC4F10.07c 1.30E17
Atg14 Phosphatidylinositol 3-kinase complex I with Vps34/15/30p
Atg15 Lipase SPAC23C4.16c 1.70E97
Atg16 Involved in Atg12p–Atg5p conjugates
Atg17 Scaffold protein SPAC10F6.11c 2.60E08
Atg18 Phosphoinositide binding protein SPAC589.07c 6.80E68
SPAC823.16c 1.20E37
SPAC458.06 5.90E31
Atg19 Receptor protein
Atg20 Sorting nexin family SPCC16A11.08 1.90E14
Atg21 Phosphoinositide binding protein
Atg22 Vacuolar integral membrane protein SPAC2G11.13 4.50E32
Atg23 Peripheral membrane protein
Atg24 Sorting nexin SPAC6F6.12 3.60E47
Atg25 Pexophagy-speciﬁc protein (Pichia pastoris)
Atg26 UDP-glucose:sterol glucosyltransferase/pexophagy speciﬁc protein
Atg27 Type I membrane protein
Atg28 Pexophagy-speciﬁc protein (Pichia pastoris)
Atg29 Autophagy-speciﬁc protein
Atg30 Pexophagy-speciﬁc key protein (Pichia pastoris)
Atg31 Autophagy-speciﬁc protein interact with Atg17 and Atg29
Atg32 Mitophagy-speciﬁc mitochondrial-anchored protein
Atg33 Mitophagy-speciﬁc mitochondrial protein
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protein Atg8 or Atg12 are essential for autophagy. All the proteins
known to be involved in these conjugation systems except for bud-
ding yeast ATG10 and ATG16 have been found in ﬁssion yeast. It is
possible that these two proteins may not have been identiﬁed
through homology searches because they are relatively small and
lack distinctive motifs. In P. pastoris, which has been shown to un-
dergo autophagy and pexophagy, an ortholog of ATG10 has yet to be
reported [16]. In contrast, protein coded in SPBC1289.11 which is
found no orthologs in budding yeast is shown as a putative homo-
logs protein for human Atg16L1 and Atg16L2. Another difference
between ﬁssion and budding yeasts with respect to the ATG genes
is that ﬁssion yeast does not possess Cvt pathway-speciﬁc or mito-
phagy-speciﬁc ATG homologs. Moreover, no ATG genes required for
pexophagy are have yet been identiﬁed. This suggests that Atg pro-
teins involved in membrane formation might be used only under
restricted conditions, e.g., starvation-induced autophagy in ﬁssion
yeast. Kohda et al. recently reported that null mutants harboring
deletions in atg1, atg8 and atg13 (orthologs of ATG1, ATG8, ATG13
in budding yeast, respectively), also failed to undergo autophagy
[28]. These atg mutants were also reported not to undergo sexual
differentiation and to lose viability upon nitrogen starvation. Inter-
estingly, atg1, atg8 and atg13 mutants that also harbored auxotro-
phic mutations exhibited a more drastic loss of viability during
nitrogen starvation [28]. These data suggest that autophagy is also
a critical system to ensure survival in ﬁssion yeast.
4. Monitoring autophagy and autophagy-inducing conditions in
ﬁssion yeast
The Atg8/LC3 protein is an ubiquitin-like protein that can be
conjugated to phosphatidylethanolamine. In S. cerevisiae, Atg8 isessential for organization of the autophagosome [65]. Once GFP–
Atg8 on the autophagosome is delivered to the vacuole by the nor-
mal autophagic process, the GFP moiety is proteolytically removed
and free GFP, which is relatively stable, can be observed by immu-
nochemical assay [66–68]. Accordingly, the appearance of free GFP
can be used to monitor autophagy in S. pombe. The processing of
the GFP–SpAtg8 fusion was examined in S. pombe atg mutants
[64]. In wild-type cells expressing GFP–SpAtg8, only full-length
GFP–SpAtg8 was detected under nutrient-replete conditions, but
free GFP increased during nutritional starvation, indicating that
processing of GFP–Atg8 was also promoted during induction of
autophagy in ﬁssion yeast (Fig. 3). This phenomenon was observed
in atg8D cells expressing GFP–SpAtg8, indicating that this fusion
protein is functional [64]. On the other hand, only full-length
GFP–SpAtg8 was observed in all investigated atg mutants except
atg22. Based on this monitoring system, almost all ATG gene prod-
ucts were also found to be essential for autophagy in ﬁssion yeast
[64].
The conditions that induce autophagy in ﬁssion yeast are not
the same as in budding yeast. In budding yeast, glucose depletion
also induces autophagy [69]. Environmental glucose is monitored
by a cAMP-PKA cascade in both budding and ﬁssion yeast [70–
73]. Noda and Ohsumi reported that addition of a high concentra-
tion of cAMP repressed autophagy in budding yeast [74]. In con-
trast, the addition of excess cAMP did not inﬂuence induction of
autophagy in ﬁssion yeast [28,64]. In budding yeast, vegetative
cells undergo autophagy upon addition of rapamycin [74]. On the
other hand, rapamycin treatment does not induce autophagy in
wild-type ﬁssion yeast [64,75]. Fission yeast possess two Tor
homologs, Tor1 and Tor2, which are major components of TOR
complex TORC2 and TORC1, respectively [25]. However, these
two proteins exert different and non-complementary functions.
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Fig. 2. Atg proteins involved in autophagy: comparison of budding yeast with ﬁssion yeast. Interactions among Atg proteins are essentially shown as reported in budding
yeast. The shaded squares contain Atg proteins that as yet remain unidentiﬁed in ﬁssion yeast. These three ﬁssion yeast Atg18 homologs, SpAtg18a, SpAtg18b and SpAtg18c,
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response to a nitrogen starvation signal, whereas Tor2 suppresses
these activities. It is interesting that mutations in both TOR genes
cause rapamycin sensitivity. A tor1 disruptant is sensitive to rapa-
mycin and temperature-sensitive tor2 mutants (Tor2 is essential
for normal growth), also become hyper-sensitive to rapamycin at
the restrictive temperature [24–26,75,76]. These data suggest that
rapamycin treatment inactivates both signal pathways mediated
by Tor1and Tor2. It remains unclear why rapamycin does not affect
vegetative growth of wild-type ﬁssion yeast cells as in other
eukaryotes.
In budding yeast, as cells are induced to undergo autophagy in
the presence of the serine proteinase inhibitor, phenylmethylsul-
fonyl ﬂuoride (PMSF), the process can be followed by monitoring
accumulation of autophagic bodies inside the vacuoles. Under such
conditions, degradation of autophagic bodies is blocked prema-
turely and does not terminate normally [69]. Similarly, in ﬁssion
yeast, addition of PMSF during nitrogen starvation resulted in
exclusive accumulation of full-length GFP–SpAtg8 [64]. An isp6D
mutant, disrupted in a gene encoding a putative vacuolar serine
protease, was previously reported to grow normally under nutri-
ent-replete conditions, but was defective in large-scale protein
degradation during nitrogen starvation. The addition of PMSF could
inactivate Isp6p resulting in arrest of the autophagic process. The
above results suggest that processing of GFP–SpAtg8 is also depen-
dent on nitrogen-induced autophagy in ﬁssion yeast.5. Incomplete sporulation observed in ﬁssion yeast atgmutants
Because defects in autophagymay interferewith sporulation-re-
lated signal transduction or with depletion of materials necessaryfor induction of sporulation during starvation, almost all S. cerevisi-
ae atgmutants exhibit sporulation defects and a reduction in viabil-
ity, about 80% loss of viability within 5 days upon nitrogen
starvation [2,77]. This loss of viability may be caused by deﬁcient
recycling of endogenous proteins. In ﬁssion yeast, sporulation was
rarely observed in a homothallic atgmutant auxotrophic for leucine
under sporulation-inducing conditions (Fig. 4A), but interestingly,
sporulation was observed in a sub-population of cells of an atg null
mutant not auxotrophic for amino acids. Moreover, in the homo-
thallic leu- atg1Dmutant, for example, addition of 240 lg/ml of leu-
cine resulted in a greater frequency of sporulation than in the non-
auxotrophic homothallic atg1D strain (Fig. 4A). This recovery of
sporulation ability was observed in an arginine auxotrophic atg1
mutant by addition of excess arginine, and in other atg mutants
auxotrophic for leucine. These data suggest that sporulation may
be inﬂuenced by amino acid depletion caused by defects in autoph-
agy and suggest that amino acids generated proteolytically in the
vacuole through the process of autophagywere indeed recycled fol-
lowing de novo protein synthesis in the cytosol [64].
To explore this possibility, we monitored formation of the fores-
pore membrane (FSM) by use of GFP–Psy1 in both atg1D and
atg12D mutants [64]. Psy1 is a ﬁssion yeast homolog of mamma-
lian syntaxin 1A, which is a t-SNARE (soluble NSF attachment pro-
tein receptor) on the plasma membrane. GFP–Psy1 under the
control of its native promoter is translocated from the plasma
membrane to the nascent FSM at meiosis II [78]. After induction
of sexual differentiation, nuclear division and spore morphogenes
terminates normally in almost all wild-type cells, whereas incom-
plete spore formation was observed as abnormal formation of the
FSM visualized with GFP–Psy1 in atg1D and atg12D mutants
(Fig. 4B). The organization of the FSM initiated normally near the
spindle poles at meiosis II (Fig. 4C) and proceeded normally to
GFP SpAtg8p SpAtg8p GFP
GFP-SpAtg8p-
GFP-
-GFP-SpAtg8p
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Nutrient condition 
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Fig. 3. Localization of GFP–SpAtg8p expressed in atg8D before and after nitrogen starvation and proﬁle of cleavage of GFP–SpAtg8p under various conditions in S. pombe.
Cleavage of the GFP–SpAtg8p fusion protein was examined with a-GFP in the S. pombe atg mutants as processing of GFP–SpAtg8 is an indicator of the extent of autophagy
[64]. GFP–SpAtg8 was observed in cytosol during normal growth condition, but after shift to nitrogen starvation condition, translocated into vacuole, where GFP–SpAtg8 was
cleaved with vacuolar protease. In ﬁssion yeast, both GFP–SpAtg8 and the GFP moiety accumulated only during nitrogen starvation, whereas cleavage of SpGFP–Atg8 were
blocked by addition of PMSF. Moreover, addition of rapamycin or glucose starvation did not induce autophagy.
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half of cells appeared to exhibit a related deﬁciency between orga-
nization of the FSM and nuclear division (Fig. 4B and C). atg1D and
atg12D mutants exhibited abnormal elongation of the FSM with
interrupted chromosome segregation or only partial completion
of the FSM without encapsulation of the nucleus. Wild-type cells
never complete closure of the FSM without encapsulating the nu-
cleus [79]. This sporulation deﬁciency was unlikely to be caused
by repression of sporulation-speciﬁc genes because the sporulation
process was not blocked at a particular stage in same strain.
Whole-genome microarray analysis revealed that gene expression
proﬁles were altered extensively during sporulation [80–82] and
this suggested that extensive de novo protein synthesis may be
needed to complete the process of sporulation. Depletion of nitro-
gen may decrease or halt de novo protein synthesis, resulting in a
shortage of proteins critical for sporulation, which could lead to
dysfunctional sporulation in atg mutants [64]. In budding yeast,
autophagy-defective atg7D cells contain dramatically smaller
intracellular amino acid pools and levels of de novo bulk protein
synthesis is suppressed during nitrogen starvation [83]. This amino
acid depletion may cause rapid loss of viability and sporulation
deﬁciency in atg mutants of budding yeast during nitrogen starva-
tion. Fission yeast atg mutant cells retain 100% viability after 7
days of nitrogen starvation in contrast to budding yeast atgmutant
cells [28]. Moreover, as ﬁssion yeast cells are shifted to nitrogen
starvation conditions, 8–15% of non-auxotrophic cells have been
found to be able to sporulate despite the absence of autophagy
while amino acid auxotrophic atg mutant cells were sterile. These
phenomena suggest that ﬁssion yeast may possess larger pools of
endogenous amino acids than budding yeast, and exhibit partial
complementation of sporulation during nitrogen starvation [64].6. Putative amino acid permeases required for sporulation
during nitrogen starvation
The physiological role for autophagy is to maximize survival
when cells are subject to conditions of nutrient insufﬁciency. It is
thought that cells can degrade endogenous macromolecular con-
stituents to provide nutrients until environmental conditions im-
prove, or can decrease dispensable functions, structures or
organelles during survival. In budding yeast, it is assumed that
recycled nutrients generated by the autophagic process may be
used for sexual differentiation, as wild-type cells are able to initiate
sporulation during starvation [69]. However, this recycling of ami-
no acids was not directly observed in budding yeast, because nitro-
gen starvation simply caused decreased survival in atg null
mutants. It was not possible to determine whether nutrient deﬁ-
ciency alone or the other factors, such as apoptosis, also triggered
cell death.
The yeast vacuole serves as a storage site for a number of nutri-
ents, including amino acids, polyphosphates, and polyamines. Sev-
eral amino acids, especially basic amino acids, are highly
concentrated in the vacuole in S. cerevisiae [84]. In contrast, glu-
tamic and aspartic acids are exclusively localized in the cytosol
[85]. Amino acid transport into the vacuole is mediated by a num-
ber of transport systems in the vacuolar membrane. Active trans-
port of these amino acids is driven by a protein electrochemical
gradient across the vacuolar membrane, generated by the vacuolar
H+-ATPase (V-ATPase) and is likely mediated by H+/amino acid
antiport [86]. Recent studies using a reverse genetics approach
have successfully identiﬁed genes encoding vacuolar amino acid
transporters in S. cerevisiae [87]. To identify a candidate gene in-
volved in amino acid transport into vacuoles, amino acid uptake
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Fig. 4. Sporulation recovery in autophagy-deﬁcient mutants during nitrogen starvation and development of the FSM during meiosis. (A) Sporulation rate of leu WT, leu
atg1D and leu atg12D strains during nitrogen starvation with or without excess leucine, and sporulation rate of non-auxotrophic WT, atg1D, atg12D strains during nitrogen
starvation. Fission yeast is able to sporulate despite deletion of the atg gene in contrast with the sterility of budding yeast atg mutants. (B) Morphology of meiotic spores of
WT, atg1D and atg12D mutants formed following nitrogen starvation. Abnormal spores were visualized using GFP–Psy1p. (C) Morphology of cells upon forespore formation
during meiosis. Tubulin was immunostained using a TAT-1 antibody. DNA was stained with DAPI.
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examined. Among the mutants tested, a new family of vacuolar
transporter for basic amino acids (VBA) in the major facilitator
superfamily of S. cerevisiaewas identiﬁed [88]. The VBA family con-
sists of ﬁve proteins (Vba1-Vba5) that function as protein/amino
acid antiporters [88]. Russnak et al. [89] also identiﬁed a protein
family of vacuolar amino acid transporters from S. cerevisiae. Seven
genes were predicted to encode vacuolar amino acid transporters
(Avt). Avt3p, 4p and 6p were reported to pump acidic or branched
amino acids from the vacuole [89], while substrates for Avt2p, 5p
and 7p have yet to be determined. Yang et al. reported that Atg22p
also pumps leucine and other amino acids from the vacuole to-
gether with Avt3p and Avt4p. These proteins are partially required
to supply amino acids for de novo protein synthesis following
autophagy.
While two AVT homologs, SPAC3H1.09C and SPBC1685.07C,
encoding proteins exhibiting 63% and 67% similarity with budding
yeast Avt3p and Avt5p, respectively, have been found in the ﬁssion
yeast genome, their functions have not yet been determined.
We generated null mutants by deleting SPAC3H1.09C and
SPBC1685.07C (avt3+ and avt5+, respectively), and observed deﬁ-
cient sporulation. Nonetheless, these avt defective mutants were
able to process GFP–Atg8p during starvation as observed in atg22D
[64]. Based on sequence similarity, ﬁssion yeast Atg22p, Avt3p,
and Avt5p might function as vacuolar amino acid efﬂux pumps.
Our data suggest that proteolytically-produced amino acids gener-
ated during autophagy may be recycled for maintenance of cellular
functions during nitrogen starvation in S. pombe.7. Conclusion
Recent progress in the S. pombe genome project has shown that
S. pombe contains many of the genes that encode homologs of Atg
proteins (Table 1), suggesting that the basic machinery of autoph-
agy is conserved between S. cerevisiae and S. pombe. However, our
knowledge of autophagic processes in S. pombe is still rather
incomplete. Although we are beginning to gain some insight into
the molecular mechanisms of autophagy in S. pombe, many ques-
tions have yet to be answered. For example, no ﬁssion yeast equiv-
alents of budding yeast ATG10, 14, 16, 19, 23, 27, 29 and 31 have
been found. As described above, Atg19 protein is a receptor protein
speciﬁc for Cvt pathway in S. cerevisiae. It remains to be determined
whether Cvt pathway certainly exists in S. pombe. a-Mannosidase
(Ams1) is a resident vacuolar glycosidase that has been shown to
enter the vacuole independent of the secretory pathway. Vacuolar
localization of a-mannosidase is blocked in mutants that are defec-
tive in the Cvt and autophagy pathways in S. cerevisiae. We have
identiﬁed the ﬁssion yeast a-mannosidase gene (ams1+ = -
SPAC513.05) and determined the sub-cellular location of the en-
coded protein. The Ams1–GFP-fusion protein is transported to
the vacuole during nitrogen starvation (our unpublished results).
Therefore, the mechanism(s) responsible for transport of a-man-
nosidase to the vacuole in S. pombe cells may be different than
those operative in the S. cerevisiae Cvt pathway. Moreover, ﬁssion
yeast genome data base revealed the existence of putative homo-
logs Atg101 and ATG16L1 or Atg16L2 which are not conserved in
S. cerevisiae. Analysis on these homologs proteins in ﬁssion yeast
H. Mukaiyama et al. / FEBS Letters 584 (2010) 1327–1334 1333will give alternative information on autophagic process. Future
studies will likely continue to focus on several transport pathways
including the Cvt pathway, mitophagy, and pexophagy in S. pombe.
It is interesting how yeast cells recycle degradation products
generated by autophagy. In budding yeast, vacuolar amino acid
permeases such as Atg22p, Avt3p and Avt4p are partially redun-
dant vacuolar amino acid efﬂux pumps which mediate the efﬂux
of leucine and other amino acids resulting from autophagy [90].
Fission yeast also possesses ATG22. An atg22D mutant was also
starvation-sensitive, although atg22D cells have a much less pro-
nounced sporulation defect than other atg null mutants. Fission
yeast has two AVT homologs, avt3+ and avt5+. Our studies found
that these two Avt proteins and Atg22p may be involved in efﬂux
of amino acids from the vacuole that were generated during the
process of autophagy because avt3D and avt5D mutants exhibited
about the same sporulation defect as an atg22D [64]. The triple
mutant, avt3D avt5D atg22D, was found to sporulate at about
the same efﬁciency as the atg22 single null mutant. These results
suggest the existence of other redundant vacuolar amino acid ef-
ﬂux pumps. We recently reported that the ﬁssion yeast fnx1+ and
fnx2+ genes, which are homologous to the budding yeast VBA
genes, are involved in vacuolar amino acid uptake in S. pombe
[91], and that fnx1D and fnx2Dmutants sporulate normally during
nitrogen starvation (our unpublished results). These results sug-
gest that Fnx1p and Fnx2p may function only in vacuolar amino
acid uptake rather than efﬂux in S. pombe. We are currently
attempting to ﬁnd other proteins involved in amino acid recycling
following nitrogen starvation-induced autophagy.
Autophagy is connected to a surprising range of cellular pro-
cesses, including stress response, organelle homeostasis, develop-
mental remodeling and disease pathophysiology. Recent studies,
especially in higher eukaryotes, have rapidly unveiled the diversity
and complexity of autophagy. Initially, S. pombe was considered to
be similar to the budding yeast, and to differ from it only in that it
proliferated by ﬁssion. Since then however, S. pombe has been found
to share other similarities with higher eukaryotes. Therefore, the
continued identiﬁcation of novel proteins required for autophagy
in S. pombewill not only shed light on the process in this organism,
but will also be informative with respect to higher eukaryotes.
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